Ultraviolet (UV)-photofunctionalization of titanium substantially enhances the strength and quality of osseointegration by promoting osteogenic cellular attachment and proliferation. However, the mechanism underlying the initial interaction between the cells and the surface of the material remains to be elucidated, especially where the influence of surface roughness is excluded as a factor.
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The biological mechanism underlying this enhanced osteoconductivity in titanium by UV-photofunctionalization has been investigated. It was found that UV-treated titanium surfaces promoted cell migration, attachment and proliferation in osteoblastic cultures [12, 14] . On UV-treated titanium, osteoblastic gene expression was also up-regulated and accelerated, but not as much as cell attachment and proliferation [12, 14] . It was also shown that the in vitro expression of the osteoblastic phenotype was enhanced on UV-treated titanium, as evidenced by a marked increase in alkaline phosphatase activity and mineralized ECM formation compared to that on untreated titanium [12, 15] . Moreover, UV-photofunctionalization not only improves the osteoblastic affinity of titanium, but also activates and amplifies cell-to-cell interaction between different types of osteogenic cells such as bone marrow cells and periosteal cells [13] . Thus, it has been confirmed, both at the cellular and tissue levels, that UV-photofunctionalization upgrades the osseointegration capacity of titanium to a near maximum, with no need for any complex titanium surface modification such as nanotopographical or chemical modification.
A number of intriguing questions, however, remain with regard to the initial osteoblast-to-surface interactive phenomena underlying the biological effects of UV-treatment of titanium surfaces. Our previous culture study demonstrated that osteoblast adhesion is accelerated and enhanced on 6 Acta Biomater titanium surfaces, converting them from hydrophobic to hydrophilic [12, 14, 15] . Therefore, to evaluate the universality of the biological benefits of UV-photofunctionalization in terms of the osseointegration of implants and other such bone anchorage devices, it is necessary to determine whether UV-treatment enhances osoteoblastic adhesion to titanium surfaces regardless of surface topography.
To clarify these two questions, the purposes of this culture study were to measure osteoblastic retention capability in terms of critical shear force, total detachment energy and cellular elastic modulus on mirror-polished titanium surfaces with or without UV-pretreatment using single-cell detachment technology and determine the extent of cell spread, cytoskeletal development and focal adhesion assembly.
Materials and methods

Titanium samples and surface characterization
Commercially available, pure, grade-2 titanium disks, 20 mm in diameter, were polished with a grinding machine with a graded series of sandpapers and a buff. Polished titanium disks were rinsed with a graded series of ethanol and finally washing with distilled water in an ultrasonic machine. The surface morphology of the titanium disks was examined using a laser microscope (VK-8700, Keyence, Osaka, Japan). The average roughness (Ra), peak-to-valley roughness (Ry) and inter irregularities space (Sm) were calculated.
Titanium disks were stored after polishing and washing under dark ambient sterile conditions for 4 weeks according to a protocol established previously [13, 15] . Half of the titanium samples were then treated with UV light for 48 hr under ambient conditions using a 15W bactericidal lamp (Toshiba, Tokyo, Japan); intensity: ca. 0.1 mW/cm 2 (λ = 360 ± 20 nm) and 2 mW/cm 2 (λ = 250 ± 20 nm) using a previously established protocol [12, 13, 15] . To verify the effect of UV treatment, the Acta Biomater chemical composition of the titanium surfaces was evaluated by electron spectroscopy for chemical analysis (ESCA) before and after UV treatment. ESCA was performed by X-ray photoelectron spectroscopy (XPS) (ESCA3200, Shimadzu, Tokyo, Japan) under high vacuum conditions (6 × 10 -7
Pa). The wettability of the titanium samples surfaces at before and after UV treatment was measured as the contact angle of a 10-μl H 2 O droplet.
Osteoblast cell culture
Bone marrow cells isolated from the femurs of 8-week-old, male, Sprague-Dawley rats were grown in alpha-modified Eagle's medium supplemented with 15% fetal bovine serum, 50 μg/ml ascorbic acid, 10 mM Na-β-glycerophosphate, 10 -8 M dexamethasone and antibiotic-antimycotic solution according to a previously established method [30] . Cells were incubated in a humidified atmosphere of 95% air and 5% CO 2 at 37°C. When 80% confluent, the cells were detached using 0.25% trypsin-1mM EDTA-4Na and seeded onto substrates at a density of 3×10 4 cells/cm 2 . The culture medium was renewed every 3 days. This study protocol was approved by the University of California at Los Angeles Chancellor's Animal Research Committee.
Measurement of attached cell number
Initial attachment of cells was evaluated by measuring the amount of cells attached to the substrates at after 3 or 24 hr incubation. These quantifications were performed using WST-1-based colorimetry (WST-1, Roche Applied Science, Mannheim, Germany). The culture well was incubated at 37°C for 4 hr with 100 μl tetrazolium salt (WST-1) reagent. The amount of formazan product was determined using an ELISA plate reader (Synergy HT, BioTek Instruments, Winooski, VT) at 420 nm.
Single-cell detachment technique
To evaluate strength of osteoblastic adhesion to the substrate surfaces, shear force and total energy Acta Biomater required to detach a single osteoblast were measured. This technique was developed and established as a useful measure to quantify the adhesion strength of various cell types adhering to various biomaterial surfaces with or without an ECM coating. The details of this procedure are described elsewhere [24, 25] . Osteoblastic cells cultured for 3, 8 or 24 hr were subjected to detachment by horizontal shear force. The culture dish was placed on the computer-controlled XY-stage of the device, which was monitored under phase-contrast microscopy. While the cells were continuously incubated in the culture medium, the tip of the cantilever pushing head approached a single cell at an approximately 90 degree angle to the long axis of the cell at its middle (Fig. 1A) . The distance between the pointed head of the tip and the surface of the titanium substrate was kept to approximately 0.2 μm throughout all measurements. While a horizontal pushing force was applied at a speed of 20 μm/s, a force-displacement curve was obtained (Fig. 1A) . Point A in a force-displacement curve (Fig. 1A) is where the tip of the cantilever makes initial contact with the single cell; Point B is where the magnitude of the pushing force reaches its peak, and is assumed to be the moment when cell detachment is initiated. Subsequently, the force applied decreases until complete detachment of the cell is attained (Point C). The force at Point B is defined as the critical shear force; the area A-B-C-A is supposed to correspond to the total energy required to completely detach a single cell and is, therefore, defined as the total detachment energy.
Evaluation of cellular mechanical properties
To evaluate the mechanical properties of the osteoblast on the titanium surface, we assumed that the cell was an isotropic and linear elastic solid. We then calculated the shear modulus, a typical stiffness parameter of cellular bodies, from the stress and strain applied to the cell in the single-cell 
Morphology and morphometry of cells
Confocal laser scanning microscopy was used to examine cell morphology and cytoskeletal arrangement Acta Biomater in osteoblasts. After 3 or 24 hr culture, cells were fixed in 10% formalin and stained using the fluorescent dye rhodamine phalloidin (actin filament, red color; Molecular Probes, Eugene, OR). The area, perimeter and Feret's diameter of the cells were quantified using an image analyzer (ImageJ, NIH, Bethesda, ML).
Vinculin and actin expression analysis
The expression and localization of the focal adhesion protein vinculin were analyzed by microscopic image-based observation and densitometry at 3 or 24 hr culture. During preparation for the confocal microscopic analysis, the cultures were also immunochemically stained with mouse anti-vinculin monoclonal antibody (Abcam, Cambridge, MA), followed by FITC-conjugated anti-mouse secondary antibody (Abcam). The level of vinculin expression was quantified as a pixel-based density using an image analyzer (ImageJ, NIH, Bethesda, ML). The density was calculated in two ways: cell-based expression (total pixels/cell number) and cell area-based expression (total pixels/total cell area).
Densitometry was also applied to quantify the expression of actin filaments in the same manner using images stained with rhodamine phalloidin.
Statistical analysis
The number of samples was 10 for a single-cell detachment assay, cellular elastic modulus and cell morphometry. Quantification of vinculin and actin expressions was performed using 9 cells. The number of samples for the cell attachment and proliferation assays and surface characterization of titanium disks was 3. A one-way ANOVA was used to determine the effects of UV treatment; p < 0.05 was considered significant.
Results
UV-treatment does not change topography of mirror-polished titanium surfaces
Macroscopic images ( Fig. 2A) revealed that the titanium surfaces used in this study were sufficiently Acta Biomater mirror-polished to reflect the figure of the camera's lens. High magnification laser microscopic images showed that mirror-polished titanium surfaces both with and without UV-treatment were smooth and flat, with no topographical features, roughness or differences at the micro level (Fig. 2B ).
Overhead contour map images reconstructed after laser scanning in a vertical scale of 20 μm showed similar surface morphologies for both surfaces, with no 3-dimensional structures at the sub-micron level (Fig. 2B ). Quantitative assessment of surface roughness on the mirror-polished titanium surfaces showed that there were no significant differences between with and without UV-treatment for all parameters tested (Ra, Ry, Sm) (Fig. 2C ).
UV-treatment changes physicochemical properties of mirror-polished titanium surfaces
The XPS profile (Fig. 2D) showed a reduction in the intensity/cps values of carbon atoms (C1s) and an increase in that of oxygen and titanium atoms on mirror-polished titanium surfaces with UV-treatment. The atomic percentage of carbon on mirror-polished titanium surfaces was reduced by over 50% to less than 20% after UV-treatment. Accordingly, the percentage of titanium and oxygen increased on UV-treated mirror-polished titanium surfaces (Fig. 2D ). Mirror-polished titanium surfaces were hydrophobic (contact angle of H 2 O > 70°) and changed to super-hydrophilic after UV-treatment (contact angle < 5°) (Fig. 2E ), as shown in side views of a 10-μl H 2 O dropped onto the titanium disk. Top views showed that the H 2 O droplet spread more over UV-treated surfaces, while it remained in a rounded form on untreated surfaces. The percentage of H 2 O spread area was almost 100% on UV-treated titanium surfaces, while it was under 5% on untreated surfaces (Fig. 2E ).
UV-treatment increases number of attached osteoblasts on mirror-polished titanium surfaces
The number of attached osteoblasts was 1.4 times greater on UV-treated surfaces than on untreated surfaces at after 3 hr incubation (Fig. 3 ). Even at after 24 hr incubation, UV-treated surfaces had a 1.8-times greater number of attached osteoblasts than untreated surfaces. Acta Biomater
UV-treatment enhances spreading of osteoblasts on mirror-polished titanium surfaces
Confocal laser microscopic images after actin staining with rhodamine phalloidin revealed that osteoblast spread was markedly greater on UV-treated titanium than on untreated titanium at after 3 hr incubation (Fig. 4A ). Expanded osteoblasts with extended cellular processes were seen on UV-treated titanium surfaces, while large numbers of cells were still in a rounded form at this time point. At 24 hr after seeding, the cells were larger than those at 3 hr on both surfaces. However, the cells were larger on UV-treated surfaces than on untreated surfaces, even at this time of culture. The cells on UV-treated surfaces consistently showed significantly higher values than those on untreated surfaces for cytomorphometric parameters (cell area, perimeter and Feret's diameter) at 3 and 24 hr (Fig. 4B ).
UV-treatment enhances actin fiber formation in osteoblasts on mirror-polished titanium surfaces
Confocal laser microscopic images after actin staining (Fig. 4A ) revealed the presence of many, well-arranged actin fibers in the cytoplasm (white arrowheads in Fig. 4A ) of the osteoblasts on UV-treated titanium surfaces in contrast with little actin fiber formation in osteoblasts on untreated surfaces. At after 24 hr incubation, osteoblasts on untreated surfaces showed formation of actin fibers.
However, this development was inferior to that in osteoblasts cultured on UV-treated surfaces, which was extensive, dense and intensive. Image-based morphometric quantification for actin fiber formation revealed that the extent of actin fiber expression in an individual osteoblast was markedly higher on UV-treated surfaces than on untreated surfaces at both 3 and 24 hr incubation (12 and 4 times higher at 3 and 24 hr, respectively) (Fig. 4C) . Density of actin fiber formation in an individual osteoblast, that is, the extent of actin fiber expression divided by cell area, was also markedly higher on UV-treated surfaces than on untreated surfaces at both 3 and 24 hr incubation (9 and 3 times higher at 3 and 24 hr, respectively). Image-based morphometric quantification revealed that the extent of vinculin expression in an individual osteoblast was substantially higher on UV-treated surfaces than on untreated surfaces at both 3 and 24 hr incubation (8.3 and 1.8 times higher at 3 and 24 hr, respectively) (Fig. 4D) . Density of vinculin expression in an individual osteoblast, that is, the extent of vinculin expression divided by cell area was 8 times higher on UV-treated surfaces than on untreated surfaces at 3 hr after seeding. However, the value at 24 hr incubation showed no significant difference between on UV-treated and untreated surfaces.
UV-treatment enhances individual osteoblast adhesion strength on mirror-polished titanium surfaces
The critical shear force and total detachment energy of a single osteoblast on titanium were measured by a single detachment technique. At 3 hr incubation, the mean critical shear force required to initiate detachment of a single osteoblast was 2092 ± 200 nN on UV-treated surfaces, which was 17 times Acta Biomater greater than that on untreated surfaces (121 ± 40 nN) (Fig. 5A) . The force on UV-treated surfaces remained at the same level even at 8 hr incubation (2266 ± 860 nN), which was significantly greater than that on untreated surfaces (1324 ± 450 nN). The force on UV-treated surfaces tended to be higher than that on untreated surfaces at 24 hr incubation, but not significantly so. Osteoblasts on UV-treated titanium showed 63.7 ± 13.5 pJ in total cell detachment energy, which was 42 times greater than that on untreated surfaces at 3 hr incubation (1.5 ± 0.68 pJ) (Fig. 5B ). The energy of osteoblasts on untreated surfaces markedly increased at 8 or 24 hr incubation (32.6 ± 13.4 and 26.0 ± 11.1 pJ, respectively) as compared to that at 3 hr. However, osteoblasts on UV-treated surfaces consistently showed over 60 pJ in total cell detachment energy for up to 24 hr incubation, which was consistently greater than that on untreated surfaces.
UV-treatment enhances osteoblast elastic modulus on mirror-polished titanium surfaces
Cellular elastic modulus, a representative parameter for evaluation of the mechanical properties of cellular bodies, was markedly greater on UV-treated surfaces than on untreated surfaces at all incubation time points tested (Fig. 5C ). Shear modulus of osteoblasts at 3 hr incubation was 11.5 ± 4.9 kPa on UV-treated surfaces, which was 8.5 times greater than that on untreated surfaces (1.4 ± 0.6 kPa). The value for osteoblasts cultured on untreated surfaces increased by 2-3 times at 8 and 24 hr incubation (4.5 ± 1.5 and 3.3 ± 1.2 kPa, respectively) as compared to that at 3 hr. However, osteoblasts cultured on UV-treated surfaces showed 11.9 ± 4.2 and 8.7 ± 6.6 kPa at 8 and 24 hr incubation, respectively, which was a consistently 2.7-times greater value than that on untreated surfaces.
Discussion
First, we determined whether the changes in physicochemical properties and enhanced affinity for bone marrow-derived osteoblasts during the initial stages of culture induced by UV-photofunctionalization of titanium surfaces were also seen in mirror-polished titanium surfaces. Acta Biomater Our previous studies demonstrated an increase in the occupancy of carbon and a reduction in osteoblast attachment and protein absorption on bulk titanium surfaces over storage-time in a sterile atmosphere after surface preparation including machining and acid-etching, which was termed the "biological aging of titanium" [32] [33] [34] . This time-dependent degradation of biological activity on the titanium surface was statistically correlated with an increase in the occupancy of carbon. In addition, ultraviolet treatment of aged surfaces increased bioactivity to a level greater than that observed on freshly prepared surfaces [34] . UV-treatment resulted in a clear reduction in the atomic occupancy of carbon on the titanium surface (from over 50% to less than 20%), a proven basic premise for bio-activation by UV-photofunctionalization, together with a change from low wettablity to super-hydrophilicity. Furthermore, UV-treatment also resulted in a substantial increase in the number of attached osteoblasts during the the initial stages of culture. These results indicate that UV-treatment, which we previously developed, functionalizes titanium, regardless of surface roughness.
The quality of the polished titanium disk was evaluated by laser microscopy in this study. The observed roughness values were all extremely low although there remained minuscule variations. For example, the Ry value was approximately 200 nm (Fig. 1C) , which is higher than the molecular dimensions of large proteins. However, the Ra value of culture-grade polystyrene plate is approximately 0.05 μm [35] , which is higher than that of the titanium surface used in the present study (approximately 0.025 μm). This indicates that the mirror-polished titanium surfaces used in the present study could be regarded as very smooth surface, with no significant topographical features.
Enhancement of cell adhesion would lead to the prevention of cell detachment by external forces and an increase in the number of viable cells on a biomaterial under in vivo conditions. In addition, for anchorage-dependent cells such as osteoblasts, the degree and nature of initial attachment behavior influences their subsequent function on a scaffold [5] [6] [7] [8] [9] . As the confocal microscopic images in this Acta Biomater study show (Fig. 4) , cell adhesion was promoted and enhanced on mirror-polished titanium surfaces after UV-treatment in a similar manner to that seen on roughened surfaces in our previous report [16] .
In this study, osteoblasts on UV-treated titanium surfaces showed a well-elongated shape with development of cellular projections and a dense cytoskeletal structure (Fig. 4A) . Moreover, actin filaments appeared earlier, were arranged well at 3 hr incubation and remained at a greater density and intensity at 24 hr incubation than those on untreated surfaces (Fig. 4A and C) . These results indicate that UV-treatment not only accelerated, but also augmented the cytoskeletal development of the osteoblasts. All cell morphometric values regarding cell size and actin fiber formation on UV-treated surfaces were greater than those on untreated surfaces both at 3 and 24 hr after seeding, the initial and final stages of cell adhesion ( Fig. 4B and C) .
The enhanced cell spread and cytoskeletal development on UV-treated surfaces was accompanied by an increase in level of vinculin expression. Vinculin expression was not only higher, but also emerged earlier and was concentrated more at the tip of the cellular projections on UV-treated surfaces than on untreated surfaces. In addition, osteoblasts on UV-treated surfaces showed an increase in the area within an individual cell at both the beginning and the end of the cell adhesion period, but no significant increase in density-to-cell area at the end of the cell adhesion period, a result similar to that obtained in our earlier study [16] . This indicates that UV-treatment of titanium surfaces does not directly up-regulate vinculin expression in osteoblasts, but rather results in the formation of focal adhesion patches as cell spread progresses.
As described in the Material and Methods, cell detachment force and energy were determined by an analysis of the force-displacement curve obtained by detachment of a single cell from a titanium surface with a cantilever applying a lateral load to the cell at a constant velocity. A more detailed description of this device and process was reported in earlier studies [24, 25] . Point B in Figure 1A represents the first point on the bottom of the cell which became detached from the surface of the Acta Biomater Ultraviolet treatment enhanced adhesion strength and the cellular mechanical properties of individual osteoblasts on mirror-polished titanium surfaces. For example, the critical shear force needed to initiate cell detachment and the total detachment energy needed to complete cell detachment in an individual osteoblast was 17 times and 42 times higher on UV-treated surfaces than on untreated surfaces at 3 hr after seeding, respectively. Moreover, UV-treatment enhanced cellular shear modulus in an individual osteoblast on titanium mirror-polished surfaces by 8.5 times as compared to that on untreated surfaces. These results clearly indicate that cell retention is increased, even on mirror-polished titanium surfaces, after UV-treatment, resulting in greater resistance to shear and compressive (or tensile) forces which might cause cell detachment during the initial stages of cell adhesion.
Cellular stiffness and cell adhesion strength determine the resistance of cells on a material to detachment force [4] [3, 5] . As described above, the cellular detachment process can be split into two Acta Biomater phases at point B in the force-displacement curve (see figure 1A) when force is applied laterally, as in this study. No detachment, only deformation occurs until point B, which indicates the starting point of disruption of cell-material binding. Therefore, we calculated cellular shear modulus as a representative parameter of cellular stiffness by using data in the force-displacement curve from point A to B and individual cell morphometry. This calculation principle is analogous to that of the atomic force microscopic (AFM) method [31, 36] , which involves substituting data acquired from a cell detachment assay into the Hooke's Law formula. This method is known to have several limitations. For example, it assumes that the cells are purely linear elastic and isotropic. However, it is more appropriate to regard cells as having a heterogeneity linked to their internal structure and surface properties. Therefore, the method used in the present study may not necessarily lead to the acquisition of absolute values. However, it should be sufficient to provide valuable information based on evaluation of relative changes or tendencies [36, 37] in the mechanical properties of an individual adherent osteoblast due to the influence of UV-treatment of titanium surfaces.
Focal adhesion complexes are specialized structures that harbor a large number of cytoskeletal proteins and one of the highest concentrations of signaling molecules in cells [38] . These multi-protein complexes are capable of capturing and integrating many signals from both the extracellular and intracellular environments [39] . Such signals transmit via cell adhesion membrane molecules, integrins, to adaptor proteins in the focal adhesion plaque, including talin and vinculin.
These molecules have binding sites for actin filaments and signaling proteins, including paxillin and focal adhesion kinase (FAK) [40] , which regulate formation of cellular projections and the cytoskeletal actin fiber network [41, 42] . Vinculin, in particular, has multiple binding partners. In a focal adhesion plaque, the amino-terminal in the vinculin molecule binds to talin, which, in turn, binds to β-integrins, and the carboxy-terminal binds to actin, phospholipids and paxillin-forming homodimers [43] [44] [45] . Vinculin plays a key role in initiating and establishing cell adhesion, formation of cell shape and cytoskeletal development [6, 40, 43, 46] , which is indispensable for the coordinated Acta Biomater control of fundamental cellular processes, including differentiation, cell cycle control, apoptosis and motility [38, 46] .
The mechanical properties of a cell are determined by its cytoskeleton [47, 48] , which is a filamentous network composed of three types of element, including actin filaments, microtubules and intermediate filaments. Among these three elements, actin filaments are the most important, as the disruption of microtubules showed no effect on the mechanical properties of cells measured by AFM [49, 50] . Vinculin is considered to be involved in cellular shear modulus [51] . In addition to the recruitment of the cytoskeleton and vinculin, the number of bound integrin receptors and the position of adhesive patches comprising those receptors are known to regulate cell adhesion strengthening [52, 53] . The expedition and advancement of cell spread accompanying focal adhesion assembly and cytoskeletal development may contribute to the enhancement of the capability of osteoblasts to adhere to UV-treated titanium.
The point at which osteoblasts became fully detached was unclear from the results of the present study. There are a number of hypothetical detachment modes such as extracellular abruption at integrin-ECM bonds or the ECM-material surface and disruption of intracellular bonding between integrin-vinculin or vinculin-actin [24, 25] . The detachment mode is influenced by type and quality of ECM, cell type, type and number of integrin ligands and the material's surface characteristics [3, 25, [52] [53] [54] [55] [56] . The cell-material interactive mechanism underlying bio-activation on UV-treated titanium surfaces remains to be fully clarified. Protein absorption, including that of albumin and fibronectin, markedly increases on titanium after UV-treatment [12] . This phenomenon may be associated with the enhanced osteoblastic cell affinity observed on UV-treated titanium surfaces. In addition, a direct interaction between the cell and the UV-treated titanium surface was proposed in our previous experiment using a serum-free culture [16] . As described above, UV-treatment is known to change the physicochemical properties of the titanium surface, resulting in super-hydrophilicity 20 Acta Biomater and a reduced atomic percentage of carbon. When oxygen-containing hydrocarbons covering the passive oxide film (TiO 2 ) on titanium surfaces [57, 58] are removed by UV-light treatment, Ti 4+ sites are exposed, which may result in a trend toward a positive electric charge on the titanium surface.
Based on the results of an earlier study, we assumed that such cationic sites on titanium accompanied by hydrocarbon decomposition, rather than super-hydrophilicity, may promote interaction with proteins and cells [12] . In fact, UV-enhanced cell adhesion was abrogated when UV-treated titanium surfaces were electrostatically neutralized by either removing the electric charge or masking with monovalent anions, while the surfaces maintained super-hydrophilicity [16] . Clarification of how interfacial signal transmission from material to cell results in osteoblastic affinity and adhesion strengthening on UV-treated titanium surfaces will be of great interest.
Titanium material is essential for bone anchorage devices, including femoral stems, orthopedic fixation screws and dental implants. Osteoblasts must adhere to titanium surfaces with various topographies depending on the device's structural and surface design. Taken together with the results of earlier studies on rough-surface titanium such as machined, acid-etched and sandblasted titanium [12] [13] [14] [15] [16] , the present results obtained using very smooth, mirror-polished titanium surfaces indicate that UV-photofunctionalization technology can be universally applied to the bio-activation of titanium bulk material/devices, regardless of surface topography.
In conclusion, osteoblastic adhesion strength and the cellular elasticitic modulus were enhanced on UV-treated titanium with a very smooth, mirror-polished surface. To our knowledge, this is the first study to demonstrate that osteoblasts adhered to a UV-treated titanium surface are substantially more resistant to external detachment forces than those adhered to untreated titanium surfaces. This strengthening of the cellular retention capability of UV-treated surfaces was accompanied by a marked enhancement of cell spread and cytoskeletal development and increased levels of vinculin expression. The results of this study also indicate the possibility that UV-treatment is effective for 
Figure 5
Cell adhesion strength and cellular mechanical properties of single osteoblast cultured on mirror-polished titanium surfaces with or without UV treatment. Critical shear force (A), total detachment energy (B) and cellular elastic modulus (C) of single osteoblast cultured on UV-treated or untreated mirror-polished titanium surfaces at after 3, 8 or 24 hr incubation. Data represent mean ± SD (n = 10) for all panels. *p < 0.05, **p < 0.01, indicating a statistically significant difference between UV-treated and untreated mirror-polished titanium surfaces (Bonferroni).
